Patterning of fast and slow muscle ®bres in limbs is regulated by signals from non-muscle cells. Myoblast lineage has, however, also been implicated in ®bre type patterning. Here we test a founder cell hypothesis for the role of myoblast lineage, by implanting characterized fast and slow mouse myoblast clones into chick limb buds. In culture, late foetal mouse myoblast clones are committed to a probability (range 0± 0.92) of slow myosin heavy chain (MyHC) expression. In contrast, when implanted into chick limbs, fast mouse myoblast clones express myosin characteristic of their new environment, without fusion to chick muscle cells and in the absence of innervation. Therefore, local signals exist within the chick limb bud during primary myogenesis that can override intrinsic commitment of at least some myoblasts, and induce slow MyHC. q
Introduction
Muscle ®bres are multinucleate syncitia generated by the fusion of precursor myoblasts. Each muscle ®bre is specialized for either slow or fast contraction. To this end, distinct ®bre types express either slow or fast isoforms of contractile proteins, such as myosin heavy chain (MyHC), which confer distinct contractile properties on the muscle ®bres (Ba Ára Ány, 1967; Guth and Samaha, 1969) .
Formation of vertebrate limb muscle is a multi-step process. Initially, a population of primary muscle ®bres are formed, which rapidly acquire slow or fast characteristics, dependent on their location within the limb (Gauthier et al., 1978; Gauthier et al., 1982; Crow and Stockdale, 1986b) . Subsequently, secondary ®bres form in association with the primary ®bre scaffold (Duxson et al., 1989) . Numerous studies on myoblasts isolated during primary or secondary ®bre formation have suggested that the nature of the myoblast may control the character of the ®bre it forms (reviewed in . For example, embryonic myoblasts differentiate in tissue culture to form small myotubes that express slow MyHC, as do many primary ®bres in vivo (Miller and Stockdale, 1986a,b) . In contrast, foetal-stage myoblasts express little slow MyHC, paralleling the generally fast fate of secondary ®bres (Miller and Stockdale, 1986a) . Even amongst embryonic myoblasts, heritable differences in MyHC expression upon differentiation have been observed (Miller and Stockdale, 1986a,b) . These have been suggested to underlie the formation of distinct kinds of primary ®bres in nascent slow or fast muscles (reviewed in .
Despite the similarities between myoblast sub-populations and diverse ®bre types, proof that myoblast lineage is responsible for muscle ®bre type has been hard to obtain. When myoblast clones are implanted into developing muscles, ®bres characteristic of the implanted cells, not of their new environment, have been observed (Hughes and Blau, 1992; DiMario et al., 1993; Pin and Merri®eld, 1997) . However, individual myoblast clones marked in vivo with retroviral lineage tracers contribute to all kinds of ®bres in their environment, suggesting that myoblasts do not fuse selectively to particular ®bre types (Hughes and Blau, 1992; Evans et al., 1994) . One way that this apparent contradiction could be resolved is through the founder cell hypothesis, originated from studies in Drosophila (Baylies et al., 1998) . This hypothesis suggests that the ®rst myoblast to differentiate and initiate formation of a new ®bre acts upon its intrinsic lineage information to determine ®bre type. Myoblasts that subsequently fuse to pre-existing ®bres adopt the gene expression patterns of the ®bre to which they fuse. Thus, the ®rst myoblast to differentiate controls the phenotype of the ®bre.
A second aspect of lineage-based models of limb muscle patterning is that limb signals are predicted to control the accumulation of distinct myoblast lineages in particular regions of the limb destined to form either fast or slow muscle. Individual limb muscles differentiate from myogenic precursor cells that migrate into the limb bud from the lateral half of the somitic mesoderm (Ordahl and Le Douarin, 1992) . Two distinct populations may enter the limb at different times (Seed and Hauschka, 1984) . Indeed, the ®rst myogenic cells to enter the limb appear to contribute mainly to future slow muscle regions (Van Swearingen and Lance-Jones, 1995) . Both in chick and mouse, myoblasts remain diverse in the adult and appear to be distributed differentially between muscles with distinct ®bre type complement (Feldman and Stockdale, 1991; Rosenblatt et al., 1996) . These results suggest that myoblast diversity may be established early during limb muscle formation and be maintained into the adult.
There is substantial evidence that ®bre type patterns of individual muscles are governed by local positional cues within the limb mesenchyme. Following replacement of limb somites with thoracic somites before muscle precursor cell migration, the resulting muscles are normal in their development and ®bre type distribution (Butler et al., 1988) . Moreover, manipulation or genetic modi®cation that duplicates the posterior or ventral musculature leads to duplications of the fast/slow pattern (Charite Â et al., 1994; Robson et al., 1994) . These experiments indicate that the cells populating each muscle must either be selected from a variety of lineages, or be instructed by the local environment to form the kinds of ®bres characteristic of that muscle.
The importance of extrinsic determinants of ®bre type is known from the effects of electrical activity (reviewed in Gundersen, 1998; Hughes and Salinas, 1999) . In development, secondary ®bre formation is largely nerve-dependent (reviewed in McLennan, 1994) . Although primary ®bres appear to diversify in the absence of nerves (Philips and Bennett, 1984; Crow and Stockdale, 1986a; Condon et al., 1990) , information from the nerve can override the behaviour of nascent muscle ®bres and induce slow/fast MyHC changes (Vogel and Landmesser, 1987; Grim et al., 1989) . Moreover, even primary ®bres are abnormal after denervation (Crow and Stockdale, 1986a; Lefeuvre et al., 1996) and also appear to be modi®ed by hormonal in¯uences (Izumo et al., 1986) . Thus, local cues, that are likely to change rapidly as early muscle patterning occurs, have the potential to modify ®bre type.
Here we examine the contributions of myoblast intrinsic and extrinsic factors to the development of limb skeletal muscles. We perform a test of a robust version of the founder cell hypothesis by implanting cloned mouse myoblasts into chick limb buds and using species-speci®c anti-MyHC antibodies to distinguish chimaeric chick/mouse ®bres from ®bres formed purely from cells of the implanted clone (Robson and Hughes, 1996) . We show that expression of slow MyHC by foetal mouse myoblasts is a probabilistic event: cells within individual clones inherit a similar chance of expressing slow MyHC when terminally differentiated. Nevertheless, when implanted into chick limb buds, extrinsic factors can override the inherited tendency of fast myoblast clones not to express slow MyHC. Thus, at least in this experimental situation, the founder cell hypothesis is not supported. Innervation was not required for slow MyHC induction. We conclude that there are spatially-restricted extrinsic factors in the early limb environment that can override commitment of myoblasts to a non-slow fate.
Results

Heritable differences in foetal mouse myoblast clones
Myoblasts from E17±18 mouse limbs, when differentiated in tissue culture, express very little slow MyHC (Smith and Miller, 1992) . To determine whether distinct myoblasts populations exist in E17±18 mouse limbs, we isolated individual clones in tissue culture (hereafter referred to as ®rst generation clones). When allowed to differentiate, many ®rst generation mouse myoblast clone cells formed long multinucleated myotubes, as well as single differentiated myocytes, detected with an antibody to embryonic MyHC (Fig. 1A,C) . The proportion of nuclei in myocytes or myotubes surrounded by slow MyHCcontaining cytoplasm was calculated, giving for each clone a probability of slow MyHC-reactivity. A few mouse myoblast clones were found with a high probability of expressing slow MyHC when differentiated (Figs. 1 and 2). However, none of these`slow' clones expressed slow MyHC in every differentiated cell (i.e. they were never 100% slow; Fig. 1A ,B, arrows). The slowest clone isolated was 92% slow MyHC-reactive ( Fig. 2A ). Most clones isolated had much lower probabilities of expressing slow MyHC (Fig. 1C,D) , and many clones differentiated with no detectable slow MyHC-reactivity (i.e. 0% slow, Fig.  2 ). Although we did not quantify the amount of slow MyHC per cell expressed by various clones, slow MyHC staining in individual cells appeared stronger in slow clones and weaker in faster clones. The probability of expressing slow MyHC was not affected by the length of time in differentiation medium, with separate cultures from individual clones expressing slow MyHC in a similar proportion of cells after 3, 5 and 7 days of differentiation (data not shown). The majority of ®rst generation clones (90%) fell into an arbitrarily de®ned`fast' category with between 0 and 33% slow MyHC probability. Of these fast clones, approximately 90% expressed no detectable slow MyHC. Around isolated from deep limb muscles of E17±18 mouse were differentiated in tissue culture, and immunostained for embryonic and slow MyHC expression. The probability of slow MyHC expression was determined as the proportion of nuclei in myocytes or myotubes that were surrounded by slow MyHC-positive cytoplasm. Clones are displayed in rank order of slowness'. No clone was isolated with a probability of 100% slow MyHC expression, but several clones expressed no detectable slow MyHC (indicated by * as they have zero height on the y-axis). The slower clones isolated were obtained by selectively culturing deeper muscle regions, and skew the distribution of the primary clones that would normally be isolated from a mixed muscle culture. Most clones isolated are fast. (B,C) Samples of cells from several of the ®rst generation clones were subcloned a further two times. Each ®rst generation clone that was sub-cloned is identi®ed by a different coloured column or *, and the same colour is used to identify the second and third generation clones derived from that parent ®rst generation clone. Second and third generation clones expressed a similar MyHC composition to their parent ®rst generation clones. Fast ®rst generation clones remained fast, and slow clones remained slow, and are positioned vertically below their parent clone for clarity. 8% of the clones had a`mid' character with 34±66% slow MyHC probability, with the remaining 2% classed as`slow' clones with 67±100% slow MyHC probability. Thus, myoblasts within E17±18 mouse limbs have distinct probabilities of slow MyHC expression across a broad spectrum.
To establish whether the probability of slow MyHC expression of ®rst generation clones was heritable, several ®rst generation clones were subcloned over two further generations. The proportion of nuclei within differentiated cells of the second and third generation clones that were surrounded by slow MyHC were very similar to, and not signi®cantly different from, that seen in the parent primary clones (Fig. 2B,C) . First generation clones that differentiated with 0% slow cells also differentiated with 0% slow MyHC probability when sub-cloned (Fig. 2B,C) . Similarly, clones that expressed mid or high levels of slow MyHC retained their respective property on sub-cloning. Therefore, the chance of a ®rst generation clone expressing slow MyHC on differentiation is heritable and stable over many cell doublings and days in culture.
Implanted clone cells can be found in many muscle types
Results from Van Swearingen and Lance-Jones (1995) suggest that chick limb buds might contain positional information causing the accumulation of particular kinds of myoblasts in future slow regions. As the mouse myoblast clones we isolated had a heritable intrinsic probability of expressing slow MyHC, we set out to examine whether myoblast clones implanted into chick limb buds would accumulate in muscles in which a similar proportion of primary ®bres expressed slow MyHC (i.e. muscles with a similar slow MyHC probability). First, we categorized muscle regions of the stage 32±33 chick forelimb according to their slow MyHC content, and determined the proportion of muscle cross-sectional area with similar frequency of slow ®bres (Fig. 3A) . As with cultured myoblast clones, muscle regions were arbitrarily classi®ed as`fast' if they contained 0±33% slow MyHCexpressing ®bres,`mid' with 34±66% slow ®bres and slow' if 67±100% of ®bres contained slow MyHC-reactivity. In the chick forelimb, approximately 32% of the muscle volume is in the`slow' category, 61%`mid' and 7%`fast'.
We have shown previously that mouse myoblasts survive and differentiate in chick limb buds (Robson and Hughes, 1996) . Pellets of fast, mid or slow clone cells were each implanted individually into separate chick wing buds prior to any endogenous muscle differentiation (stage 20±21). After 3 days (stage 32±33), differentiated mouse cells could be identi®ed by their expression of mouse embryonic MyHC within chick muscles (Fig. 3) . Most mouse cells tended to be found in dorsal limb muscles, close to the implantation site. However, mouse cells from single clones were detected, on occasion, in any limb muscle and in all three muscle categories (Fig. 3B) . On other occasions, mouse cells were observed in only one or a few muscles. To rule out the possibility that each clone was selectively targeted to a speci®c subset of muscles, we implanted cells from the same clone into several separate limbs. High variation in the ®nal location of cells was still observed. It therefore seems likely that the exact location of the implantation is the major variable regulating ®nal position of cells in our experiments. Different mouse clone types (fast, mid or slow) each contributed cells to all three categories of muscle (Fig.  3C,D) . However, clones do behave differently after implantation. Fast and mid clone cells showed no tendency to accumulate in particular muscle categories: the frequency Fig. 4 . Extrinsic factors induce slow MyHC in cells from fast clones when located within slow chick muscles. Three days after implantation of a 0% slow clone into a stage 20±21 chick limb bud, mouse cells have differentiated in a slow chick muscle. Alternate sections were analyzed by dual immuno¯uorescence for either mouse embryonic MyHC (A) and slow MyHC (B), or for chick embryonic MyHC (C). By comparison of adjacent sections, both chimaeric mouse-chick (arrowheads) and mouse-only ®bres (arrows), were identi®ed. Mouse-only ®bres reacted for mouse embryonic MyHC, but not for chick embryonic MyHC in either adjacent section (arrows). Chimaeric mouse-chick ®bres reactive for both mouse and chick embryonic MyHC could also be identi®ed on adjacent sections (arrowheads). (D) In total, 21 distinct clones where implanted into 32 limbs and the number of mouse cells differentiated in each muscle region (z-axis) was recorded, together with the proportion of mouse cells containing slow MyHC (y-axis) and the proportion of the chick ®bres expressing slow MyHC in the surrounding muscle region (x-axis). In general, slow (red columns), mid (yellow columns) and fast (blue columns) clones behave like their environment (diagonal distribution), irrespective of their phenotype in tissue culture. One clone, which expressed slow MyHC in 68% of myotubes in tissue culture, displayed anomalous behaviour (black columns). Note that taller columns, which represent larger numbers of implanted cells, and therefore give a more accurate estimate of the behaviour of the implanted cells, have a greater tendency to lie close to the diagonal. There is no discernible tendency for fast or mid clones to express any particular level of slow MyHC. Slow clones tend to express more slow MyHC, but this may be accounted for by their tendency to be located within slow muscle regions. Scale bar, 100 mm.
of cells from these clones in fast, mid or slow muscle tissue was, on average, similar to the proportion of limb muscle in each category (Fig. 3C) . In contrast, slow clones appeared to accumulate in slow muscle tissue more frequently than fast or mid clones (Fig. 3C ). This trend is particular evident if the entire dataset is represented (Fig. 3D) . Nevertheless, implanted mouse myoblast clones differentiate in all types of muscle irrespective of their intrinsic propensity to slow MyHC expression.
Fast mouse clones can express slow MyHC when located in a slow chick muscle region
To determine whether the intrinsic pattern of slow MyHC expression of a clone was maintained when cells became located in muscles of the opposite MyHC composition, operated limbs were analyzed for MyHC expression by dual immuno¯uoresence on alternate sections for mouse embryonic and slow MyHCs and chick embryonic and slow MyHCs (Fig. 4) . Mouse cells from a fast myoblast clone (0% slow) were observed in ®bres expressing slow MyHC (Fig. 4A,B) . Similar results were observed with eight separate implantations from three separate fast clones that expressed no slow MyHC in tissue culture. Conversely, cells from slow myoblast clones were frequently found in ®bres in which no slow MyHC was detected (data not shown). The proportion of differentiated mouse cells associated with slow MyHC in each muscle region was compared to the behaviour of the endogenous chick cells in that region. In general, mouse MyHC-containing cells expressed slow MyHC at similar frequency to neighbouring chick host ®bres, irrespective of their clone of origin or location within the limb (Fig. 4D) . We conclude that the in vivo environment can override the intrinsic slow MyHC expression properties of at least some mouse myoblasts.
We have previously shown that implanted mouse cells often fuse into chick host muscle ®bres (Robson and Hughes, 1996) . Therefore, we were concerned that fast mouse clone cells become located in slow MyHC-containing ®bres simply through fusion to chick slow ®bres. As single ®bres are relatively short and often follow a curved path between the undifferentiated myoblasts and ®broblastic cells, identifying single ®bres in adjacent sections was dif®-cult, especially within the main mass of the muscle. Therefore, accurate determination of which mouse cells had fused to chick cells proved impossible in this experiment. Nevertheless, by examining mouse cells differentiating on the borders of a chick muscle we were able to assess the slow MyHC expression of`mouse-only' ®bres that we were con®dent had not fused with chick cells (Fig. 4; Table 1 ). Mouse-only ®bres were identi®ed in serial sections by expression of mouse embryonic MyHC without chick MyHC in the same ®bre (arrowheads, Fig. 4A--C) . These mouse-only ®bres re¯ected a moderate proportion of the total number of differentiated mouse cells (30%), the majority of which fuse with the endogenous chick myoblasts creating chick-mouse chimaeric ®bres (Fig. 4A±C) . The orientation of the mouse-only ®bres was generally consistent with that of the surrounding chick muscle (Figs. 4A and 5A, arrowheads), although misaligned ®bres were occasionally observed (Figs. 4A and 5A) . We focused our analysis on slow MyHC expression in mouse-only ®bres of fast (0% slow) clones because: (a) fast clones are more abundant and, therefore, easier to isolate; (b) no chick embryonic muscles are entirely fast; and (c) none of the isolated mouse clones possessed a 100% probability of expressing slow MyHC when differentiated in tissue culture, so detecting signi®cant loss of slow MyHC expression would be dif®cult and distinguishing between selective cell accumulation and change in cell behaviour would be impossible. First, mouse-only ®bres were analyzed in our original series of experiments (Fig. 4) . Mouse-only cells from clones that expressed no slow MyHC in tissue culture contained slow MyHC when located in chick slow muscle. Each of eight fast clone implants analyzed showed slow MyHC induction (Table 1) . When mouse-only ®bres were located in/near to slow muscle regions (67±100% slow) they expressed signi®cantly more slow MyHC than in fast (0±33% slow) regions (Chi-squared test, P , 0:05). These results suggested that signals from the environment regulate the probability of slow MyHC expression by mouse ®bres, even if they do not fuse with chick ®bres.
In a second series of experiments (Fig. 5) , to exclude chimaeric ®bres further from our analysis, we used triple a Eight mouse myoblast clones with a range of`slow' and`fast' phenotypes were implanted into separate chick wing buds (left column). Unambiguous mouse-only ®bres were identi®ed as cells at the edges of chick muscles that expressed mouse embryonic MyHC without chick embryonic MyHC in all serial sections. The presence or absence of slow MyHC within each mouse-only ®bre was determined for mouse-only ®bres within both fast' (0±33% slow, middle column) and`slow' (67±100% slow, right column) chick muscle regions. Note that, at the stages examined, even the fastest muscle of the chick wing contains a considerable percentage of slow MyHC expressing ®bres. In parallel, even in these`fast' chick muscle regions, some mouse-only ®bres expressed slow MyHC.
immuno¯uoresence to examine chick, mouse and slow MyHCs in single sections (Fig. 5) . Again, cells from fast mouse clones (0% slow) were induced to express slow MyHC despite absence of detectable chick MyHC (Fig.  5A±C, arrow) . Other mouse cells differentiated without expressing slow MyHC (Fig. 5D±F) The number of mouse ®bres that expressed chick or slow MyHC was scored across all sections of four implanted limbs (Fig. 5G) . Mouse cells expressed more slow MyHC in slow regions than in fast (Chi-squared test, P , 0:001). There was no signi®cant difference in behaviour of mouse-only ®bres and mousechick chimaeric ®bres (Fig. 5G ). In conclusion, the presence of slow MyHC in mouse cells is not a result of fusing with chick myoblasts, but rather re¯ects induction of slow MyHC in some mouse cells that would not normally express slow MyHC on differentiation in tissue culture.
Removal of the neural tube does not affect induction of slow myosin
Innervation can override limb muscle patterning and induce slow MyHC (Vogel and Landmesser, 1987; Grim et al., 1989; DiMario and Stockdale, 1997) . To test whether innervation in the chick limb was responsible for the induction of slow MyHC in implanted mouse cells, we introduced mouse cells into aneural chick limbs, generated by surgical removal of the neural tube at stage 13. The aneural limbs developed normally, with the exception that aneural muscles were slightly smaller. Nevertheless, fast, mid and slow muscles could be identi®ed (Butler et al., 1988) . Fast mouse myoblast clones (0% slow) implanted into aneural limb buds were located in all three muscle categories. Mouse MyHC-positive ®bres could be identi®ed in slow Fig. 5 . Slow MyHC expression by mouse cells is a result of extrinsic factors and not solely of fusion with slow chick ®bres. Fast (0% slow) clones were implanted at stage 20±21 and limbs analyzed 3 days later by triple immuno¯uoresence for mouse embryonic MyHC (A,D), slow MyHC (B,E) and chick embryonic MyHC (C,F) on each single section. Both chimaeric chick-mouse (arrowheads), and mouse-only ®bres can be identi®ed (arrows). Mouse embryonic MyHC was identi®ed within chick muscle and also outside muscle in a region containing undifferentiated non-muscle mesoderm (A,D). Slow MyHC was present in many of these differentiated mouse cells (B,E, long arrows), but some cells did not express slow MyHC (E, short arrows). Mouse cells within the muscle region often also reacted with the chick embryonic MyHC antibody, indicating fusion between chick and mouse cells (C,F, arrowheads). The proportion of differentiated mouse cells that react for slow MyHC in four limbs is plotted for both chimaeric and mouse-only ®bres within the three muscle categories (G). Total numbers of cells analysed are indicated above each column. Scale bar, 100 mm. muscles both as chimaeric chick-mouse (Fig. 6A , arrowheads) and mouse-only ®bres (Fig. 6A, arrow) . The loss of innervation did not prevent, or detectably decrease, the induction of slow MyHC in mouse-only cells located in slow muscles (Fig. 6D) . Therefore, innervation is not required for the induction of slow MyHC in the implanted fast myoblast clones.
Discussion
Our data suggest that during the establishment of muscle ®bre types, extrinsic in¯uences on myoblasts can override their intrinsic tendency to either express, or not express, slow MyHC. Several types of myoblast exist within the foetal mouse limb, which, when allowed to differentiate in culture, express a distinct MyHC pro®le. This pro®le can be modi®ed when myoblasts are exposed to a limb environment. The data show that local signals can override myoblast lineage during early muscle patterning.
Myoblasts within developing mouse and chick muscles are known to be clonally heterogeneous (Dhoot, 1986; Miller and Stockdale, 1986a; Seed and Hauschka, 1988; Smith and Miller, 1992) . Whereas, in birds, differences in slow MyHC expression have been used to characterize myoblast clones (Dhoot, 1986; Miller and Stockdale, 1986a; Page et al., 1992) , in mammals slow MyHC has been a less useful marker of distinct myoblast types (Smith and Miller, 1992; Cho et al., 1993 ; but see Rosenblatt et al., 1996 for adult myoblast clone differences). Analysis of clones of myoblasts isolated when myoblasts are fusing to both primary and secondary ®bres (Evans et al., 1994; Hughes, 1999) , may reconcile these ®ndings. We observe that clones of mouse myoblasts do not fall into neat categories of`fast' or`slow'. Rather, all clones can be positioned at some point on a spectrum of slow MyHC expression probability. The majority of clones have a low probability of expressing slow MyHC; consistent with data from the chicken showing that foetal myoblasts do not express slow MyHC (Miller and Stockdale, 1986a) , but unlike human foetal myoblasts . These foetal mouse myoblasts, when differentiating in tissue culture, frequently express fast MyHCs, in contrast to the mostly slow fate of primary myoblasts (Smith and Miller, 1992; Pin and Merri®eld, 1993) . Nevertheless, a small proportion of clones expresses slow MyHC in the majority of differentiated myocytes. These cells might represent either residual embryonic myoblasts that in mammals may persist in some regions of the limb longer than in the chicken, or satellite cell-type myoblasts, that can express slow MyHC both in birds and mammals (Feldman and Stockdale, 1991; Hartley et al., 1992; Du Èsterhoft and Pette, 1993; Rosenblatt et al., 1996) . As all the progeny of a single myoblast that were tested retained a similar probability of slow MyHC expression when sub-cloned, our view is that many, and perhaps all, myoblasts have an intrinsically probabilistic mechanism of regulating slow MyHC expression. This view is in striking contrast to the concept of two distinct myoblast classes: fast that express no slow MyHC, and slow that express slow MyHC in most, if not all cells on differentiation. A probabilistic mechanism raises the possibility that the particular mixture of ®bre types present in an individual muscle might arise from a homogeneous population of founder myoblasts for that muscle as a consequence of stochastic differentiation. In other words, each muscle might be composed of a single population of founder cells committed to formation of particular skeletal attachments and having the intrinsic ability to form a speci®c mixture of fast and slow ®bres (for review and further discussion see Hughes and Salinas, 1999) .
How single cells might inherit a probability of expressing slow MyHC is unclear. Mice are thought to have a single slow MyHC gene (Rindt et al., 1995) , in contrast to the three avian slow MyHC genes (Chen et al., 1997) , although there is some heterogeneity in mammalian slow MyHC proteins (Hughes et al., 1993) . So one possible mechanism is an unstable regulation of transcription of the slow MyHC gene itself, perhaps by regulation of chromosomal structure, as has been suggested for the heritable probability of expression of viral genes from retrovirally-infected clones (Nolan et al., 1988) . Recent interest has been raised by mutations that can regulate such probabilistic behaviour (Gould, 1997) . Control of another locus that itself regulates slow MyHC transcription, or some post-transcriptional control of slow MyHC accumulation are also possible.
In contrast to the apparent commitment of myoblasts in culture, the intrinsic probability of slow MyHC expression by mouse myoblast clones can be altered by implantation into the chick limb. Randomly-selected 100% fast myoblast clones are able to express abundant slow MyHC when differentiating in vivo. In general, the slow MyHC expression by mouse cells matched their environment. More slow MyHC is expressed in slower chick muscle regions than in faster regions. Mouse cells express slow MyHC even without fusing with chick cells. Therefore, there must be signals within the chick limb that induce slow MyHC expression in the implanted cells. It is striking that these signals appear to be evolutionally conserved. However, further experiments will be required to determine the function of these signals in patterning endogenous chick muscle.
Several signals have been shown to induce slow MyHC expression, including innervation (Vogel and Landmesser, 1987; Grim et al., 1989; DiMario and Stockdale, 1997) . Electrical activity can induce slow MyHC in rat satellite cell cultures, and electrical activity in¯uences the expression of slow MyHC in both avian and mammalian muscle (Wehrle et al., 1994; Lefeuvre et al., 1996) . However, a subset of foetal chick myoblasts never express slow MyHC2, even when innervated by culturing with thoracic and lumbar spinal cord neurons (DiMario and Stockdale, 1997) . The induction of slow MyHC we observe in fast mouse myoblasts in the chick limb can occur in the absence of innervation. Therefore, other signals in the limb environment can induce slow MyHC expression. This view is consistent with the normal appearance of slow MyHC in both primary and secondary ®bres of chick and rat limbs denervated prior to myogenesis (Butler et al., 1982; Condon et al., 1990) .
As innervation is not required for the induction of slow MyHC, the instruction could come from nearby limb tissue, particularly as the level of slow MyHC induction varies from muscle to muscle. In zebra®sh, slow MyHC can be induced by proteins of the Hedgehog family (Blagden et al., 1997; Du et al., 1997) . Although, Sonic hedgehog (Shh) is expressed in the zone of polarizing activity of the early limb bud, it seems unlikely to in¯uence later muscle patterning events in the proximal limb, because of the distances involved. Indian hedgehog, another Hedgehog family member, is expressed in the developing bones and seems to act in the surrounding tissues, based on raised patched expression in these areas (Marigo et al., 1996) . It is possible that Indian hedgehog contributes to the appearance of slow ®bres in deep regions, close to bones. The effects of Shh on somitic muscle can be modulated by other proteins, such as Wnt and TGFb family members and their antagonists (Rowitch et al., 1995; Mu Ènsterberg et al., 1995; Du et al., 1997; McMahon et al., 1998) . Therefore, although Hedgehog proteins are attractive candidates for regulators of muscle type, it is likely that other signals, possibly including extracellular matrix molecules, will also in¯uence the development of amniote ®bre types.
Although our data demonstrates induction of slow MyHC in 100% fast myoblast clones, they do not prove that the converse, inhibition of slow MyHC expression in slow clones, occurs. Implanted slow myoblast clones do not express abundant slow MyHC in fast muscle regions. This loss of slow MyHC could be explained by slow MyHC repression. However, as slow clones never express slow MyHC in every differentiated cell and since few slow mouse clone cells were found in fast muscle regions, selective survival, migration or proliferation might provide an equally good explanation. Further experiments will be required to determine which of these possibilities is correct, but as highly heterchronic grafts have been shown to lead to abnormal differentiation (Auda-Boucher and FontainePe Ârus, 1994) , these would best be performed with embryonic mouse myoblasts.
Interplay of lineage and environment: a model
Myoblast heterogeneity has been suggested to underlie muscle ®bre type patterning in the early chick limb ). Such a model has two components. First, the existence of myoblasts committed to distinct differentiation. Second, accumulation of the appropriate myoblasts or their differentiated progeny in particular regions of the early muscle masses. Although there is abundant evidence for the former, little work has addressed the latter issue. Initially, myoblasts populate the limb bud mesenchyme widely, later becoming segregated from the chondrogenic core and restricted into dorsal and ventral muscle masses (Schramm and Solursh, 1990) . Within the muscle masses, each individual muscle must be speci®ed to occupy a particular location to obtain the correct ®nal arrangement of muscles, and permit attachment to the autonomously-developing tendons (Kieny and Chevallier, 1979; Xu et al., 1997; Kardon, 1998) . Within each individual muscle, the different ®bre types must also be speci®ed, and distinct myoblast types may navigate into the limb differently (Seed and Hauschka, 1984; Van Swearingen and Lance-Jones, 1995) . Although we observed a slight tendency for slow clones to become located preferentially in slow muscle regions, fast myoblast clones showed no detectable tendency to accumulate in particular muscle regions. Thus, our foetal murine myoblasts provide little evidence for selective migration, proliferation, differentiation, or cell death of distinct myoblast populations. However, this does not address the issue of whether such processes may act on the embryonic chick myoblasts that generate the initial ®bre type pattern. For example, it remains formally possible that the signals that induce slow MyHC expression in our fast mouse cells and may recruit our slow myoblasts to slow muscle could control accumulation of speci®c chick embryonic muscle cells committed to slow myogenesis in particular limb regions. Unfortunately, despite repeated efforts to clone embryonic mouse myoblasts, we have been unable to use our chimaeric approach to test this possibility.
The possibility that distinct myoblasts might behave differently in response to the same signals should not be ignored. There is abundant evidence that embryonic and foetal myoblasts have distinct properties (reviewed in McLennan, 1994) . Embryonic myoblasts are thought to initiate primary ®bre formation, whereas foetal myoblasts may generate secondary ®bres . In Drosophila, the founder myoblasts that initiate ®bre formation are distinct from those that fuse subsequently (reviewed in Baylies et al., 1998) . Founder myoblasts alone encode information about ®bre identity. A similar founder cell system might operate in vertebrates, as some muscle cells have been shown to form inappropriate ®bre types after transplantation, suggesting that they are committed to particular ®bre types (DiMario et al., 1993) . However, our murine foetal myoblasts, although capable of founding new ®bres in the chick limb bud are, nevertheless, plastic with respect to ®bre type. Therefore, at least these cells do not appear to utilize cell lineage information when acting as founder cells. However, we can envisage one scenario that would reconcile all available data. Individual myoblast lineages might be committed to a probability of slow ®bre formation. Local cues can both recruit correctly programmed myoblasts to appropriate regions, and reprogram myoblasts to an appropriate probability of slow MyHC expression if they fail to become correctly located. Then, if a myoblast founds a new ®bre, it utilizes its intrinsic probability to determine whether or not to express slow MyHC. If, on the other hand, the myoblast fuses with a pre-existing ®bre, its intrinsic information is overridden and it adopts the MyHC expression of its host ®bre.
In summary, our data show that murine foetal myoblasts are intrinsically committed to a particular probability of slow MyHC expression. Some, but not all, of these cells may have a homing ability within the developing chick limb. Nevertheless, when cells accumulate in the`wrong' place, the early limb environment can respecify their differentiation by inducing slow MyHC. This can be seen as a kind of proof-reading mechanism: if the wrong myoblast lineage differentiates in an incorrect location, the correct pattern of ®bre types can still be maintained. We suggest, as a working hypothesis, that committed founder myoblasts initially accumulate in designated regions of the limb through a combination of selective and instructive signals, but that this system is not infallible. Environmental signals subsequently dominate over the intrinsic program to ensure that inappropriate ®bre types are not formed in the wrong place.
Materials and methods
Isolation of mouse myoblasts clones
Foetal myoblasts from E17±18 mouse embryos were isolated and cultured on collagen-coated dishes as previously described (Robson and Hughes, 1996) . On day 3 of culture, cells were re-plated at low density (one cell per 80 mm 2 ), cultured for 4±5 days, with fresh medium every other day. Resulting myoblast clones (150--250 cells) were transferred to collagen-coated Lab-Tek chambered slides (Nunc) for 3±4 days. Clones were differentiated by replacing growth media with DMEM, 2% horse serum, penicillin, streptomycin and l-glutamine (GIBCO BRL). Several primary clones were split onto two or more separate LabTek wells, grown and differentiated, to check that slow MyHC expression was similar in the independently differentiated pools. First generation clones were sub-cloned by re-plating at low density. Clones isolated were classi®ed as second generation clones. Sub-cloning of second generation clones, created third generation clones.
Implantation of mouse myoblast clones into chick limb buds
Primary clones (between 200 and 1500 cells) were trypsinized from the Lab-Tek wells, washed in MEM with 10% FCS (antibiotics and glutamine, GIBCO BRL), microfuged (3000 rev./min) to a pellet, eased from the tubes and, if large enough, divided into pieces of approximately 200 cells with tungsten needles. Dorsal ectoderm of stage 20±21 chick forelimbs was re¯ected, pellet pieces implanted and embryos returned to the incubator for 72±96 h. Operated chick limbs were frozen and cryo-sectioned. Pellet pieces not implanted into the chick limb bud were re-plated and differentiated to assess clone phenotype.
Neural tube removal
Neural tube was removed from stage 13 chick embryos opposite the forelimb ®eld to prevent any in¯uence of innervation on limb muscle development. Albumin (1 ml) was withdrawn from the blunt end of the egg by hypodermic needle. MEM with 10% FCS (antibiotics and glutamine) and Indian ink (Pelikan, 10:1) was injected beneath the embryo to give better visualization. The vitelline membrane was removed, MEM laid over the embryo to prevent dehydration. The neural tube region was removed between somites 12±24, which is suf®cient to eliminate ingrowth from distal and proximal areas (Philips and Bennett, 1984) . Embryos incubated until stage 20±21, when pellets of fast mouse myoblast clones (0% slow), were implanted into dorsal forelimbs, and incubated for a further 72 h. The ef®ciency of the neural tube removal was analyzed by sectioning the trunk region, checking for fused somites across the region of neural tube removal.
Immunocytochemistry
Monoclonal antibodies F1.652, that recognizes mouse but not chick embryonic MyHC, EB165, that recognizes chick but not mouse embryonic MyHC, and A4.840, that recognizes slow MyHC from both species were used as described (Robson and Hughes, 1996) . Clones were analyzed by counting 200±2000 nuclei and determining the number of nuclei in embryonic and/or slow MyHCexpressing cytoplasm. No cells expressed slow MyHC in the absence of embryonic MyHC, but the reverse was frequently observed. As MyHC expression within multinucleate myotubes is not always uniform (Pavlath et al., 1989) , the proportion of nuclei surrounded by embryonic MyHC that were also surrounded by slow MyHC indicated the probability of slow MyHC expression for each clone. Clones were classi®ed as fast (0±33%, slow MyHC containing), mid (34±66%) and slow (67±100%). Primary, secondary and tertiary clones were analyzed similarly. Sections (10 mm) of implanted chick limbs were immunostained un®xed on alternate sections with either F1.652 and A4.840, or EB165 and A4.840 for 1 h as described (Robson and Hughes, 1996) . Sections were post®xed with ice-cold 100% methanol, washed with PBS and mounted in DABCO-gelvatol. In some experiments, single sections were immunostained with all three primary antibodies by incubation with antibodies EB165 and A4.840, for 1 h, visualized with goat anti-mouse IgG Texas-red (gchain speci®c, Sera-labs) and goat anti-mouse IgM AMCA (m-chain speci®c, Vector) for 1 h, washed, non-speci®c binding was blocked with unlabelled mouse IgG for 30 min, washed with PBS and ®nally FITC-conjugated F1.652 (Sigma FluroTage kit) for 30 min (1:5), washed with PBS, post ®xed with ice-cold 100% methanol, washed with PBS, mounted with DABCO-gelvatol.
Analysis
The proportion of slow MyHC-positive ®bres within each muscle region was determined by counting all ®bres from six sections over a distance of 750 mm from the forelimb level (excluding the wrist and elbow regions because of tendons) from ®ve unoperated limbs. Muscle regions were categorized into fast (0±33% slow MyHC), mid (34±66% slow), and slow (67±100% slow), to obtain the mean volume of the limb muscles in each category using NIH Image program. Implanted chick limbs were analyzed for F1.652-reactive (mouse embryonic MyHC) ®bres, their location and the slow/fast character of the surrounding host tissue. Mouse MyHC-positive cells were checked for the presence of slow MyHC and chick MyHC, indicating whether the mouse myoblast had fused with chick myoblasts forming chimaeric chick-mouse ®bres, or if they were pure mouse MyHC-positive`mouse-only' ®bres, that had differentiated alone. To rule out chimaerism, adjacent sections were analyzed for chick MyHC-reactivity in mouse MyHC-containing cells. Although MyHC-isoforms can remain compartmentalized within myotubes in tissue culture (Pavlath et al., 1989) , we never observed chimaeric ®bres in vivo in which an apparently mouse-only ®bre became chick-mouse, or chick-only at a distinct position along its length. Therefore, we assume such a phenomenon, if it occurs, does not signi®cantly affect our results.
